The increasing water demand is a concern affecting many regions in the Mediterranean Basin. To overcome this situation rim countries resorted during the last decades to a massive mobilization of their water resources, often resulting in excessive water exploitation. In such a context, understanding the effects of present recharge and aquifer salinization is crucial for correct water management. Understanding the present hydrogeological situation of coastal plains requires the knowledge of both their past morphologic conditions and their recent geological evolution. Within this framework, this paper presents a review of water related problems in the Mediterranean Basin. It suggests a conceptual model for groundwater resources in Mediterranean coastal plains, deriving from the present and past recharge processes. Special attention is paid to providing a better understanding of climate change impacts on water quantity and quality, and conservation of ecological diversity.
INTRODUCTION
The hydrogeological and hydrochemical conditions of several coastal and inland aquifers around the Mediterranean Sea have been studied in the last decennia for the critical role played by their water resources (Bortolami et al. 1973, Manzano et al. agricultural, industrial, arts and crafts uses for centuries. However, the exploitation of water resources has increased over recent years, as a consequence of technological, industrial and agricultural development, as well as population growth and the associated water demand (Custodio and Gurgui 1989 , IWMI 2000 , Shah et al. 2000 , Belloumi and Matoussi 2002 , UNESCO-ISARM 2004 . Moreover, in recent decades, human activities have seriously affected the fragile balance between the input and output in the water system of these coastal plains; signs of these imbalances include, among the others, lowering of aquifer levels in the piedmont belt by the depressurization of the confined systems (Wright and Burgess 1992) . Increasing stress on the water balance requires correct management of local irregular resources and development of the traditional, prudent management together with the prohibition of more intensive water resources exploitation (Cudennec et al. 2007) .
In fact, the balance between water resources and needs is not achieved, and numerous negative effects have emerged (Custodio 2002 , Cudenec et al. 2007 , Edmunds 2009 ). Moreover, the regional climate change (Christensen et al. 2007 ) may have major hydrological impacts, which need to be assessed, and decisions need to be made as to which water management should be adopted (Kundzewicz et al. 2008, Kundzewicz and Döll 2009) .
In addition, natural events have reinforced the trend towards the consumption of underground waters. Indeed, a worrying decrease in precipitation and increase in average annual temperatures have been documented (Rozanski et al. 1992 , Wright and Burgess 1992 , Issar 2003 . The consequences include smaller effective meteoric contribution, lower discharge of the rivers and higher evapotranspiration (Koutsoyiannis et al. 2010) . Furthermore, a general deterioration of water quality in aquifers due to freshwater salinization has been observed. The hydrogeological and hydrochemical information suggests that the sources of salinization are generally related to excessive aquifer exploitation (Edmunds 2009 ). The degree of deterioration, in terms of the decline in piezometric head and the contamination of groundwater by salt, varies depending on location and geological configuration. Salinization of coastal aquifers is a global phenomenon that endangers present and future utilization of groundwater resources (MacDonald et al. 2009 , Koutsoyiannis et al. 2010 , particularly in the southern part of the Mediterranean Basin.
Over the last few years, studies and surveys have been carried out in order to determine and to quantify the possible causes of the changes in hydrological balance and of groundwater quality decline. Understanding the effects of present recharge and salinization of aquifers is therefore crucial for water management in these plains, and has to be considered also in regions where groundwater is apparently abundant and where climatic conditions are favourable.
Most of the Mediterranean region is characterized by semi-arid climate and most countries suffer regular water shortages aggravated by recurrent droughts with different degrees of frequency, intensity and severity. This fragile situation renders freshwater scarcer and more unequally distributed. Climate change, the growing demand for water in agricultural and urban development, as well as the expanding tourism industry, have further aggravated the water stress on the region. The northern coastal area of the Mediterranean Basin is relatively well-watered by precipitation and by the river network flowing from the Pyrenean and Alpine chains. In contrast, the southern shore is arid, with a generally poor river system.
The main objective of this study is to suggest a conceptual model of groundwater resources in the Mediterranean coastal plains, deriving from the present and past recharge processes, with a special focus on deep groundwater resources. An attempt has been made to provide a better understanding of water related problems by presenting a wide literature review, where prominence is given to impact of climate changes on water resources quantity and quality, and conservation of ecological diversity in changing climatic conditions. This is a wide-ranging review, dealing with precipitation, groundwater, geology and hydrological systems in the Mediterranean Basin. The paper reflects scientific results obtained within several worldwide or European research efforts, such as the IHP-VI, the COST Action 621, and European Union and Italian projects.
The paper has two major reference periods: the first at the human scale, and the second at the geological scale. The first period deals with the present waterrelated problems in the Mediterranean Basin, such as climate change impacts, salinization and groundwater exploitation.
PRESENT RECHARGE
The meteorological conditions of the western Mediterranean Basin are affected by the displacement of the Azores anticyclone. Apart from the topography, important forcing factors for the regional variability of precipitation are (Gat and Carmi 1970 , Araguás-Araguás et al. 1996 , Araguás-Araguás et al. 2000 , Gat et al. 2003 , Froelich et al. 2008 )) ( Fig. 1): (a) The low pressure systems originating from the Atlantic Ocean, moving in a south/southeasterly direction; (b) The low pressure systems originating from Maghreb, moving towards the north or northeast; and (c) The cyclonogenesis over the Lion-Genoa Gulfs.
These factors are due to the movement, be it northward or southward, of the Azores anticyclone modulating rainfall on the Sahara Desert. The temperate regions of the north Mediterranean countries experience warm summer climates with precipitation, essentially originated from continental moisture. In contrast, winter air masses move eastward, favoured by low pressure on the Mediterranean Basin. The European region receives most precipitation during winter from westerly cyclonic disturbances (Koster 2005) .
Despite the frequent scientific and political debate about greenhouse gas emissions, mainstream science forgets that the most important greenhouse gas is water vapour (Posner 2008) . It regulates, and regulated in the past, the global climate and the general atmospheric circulation. Changes in the energy balance of the atmosphere control changes in water fluxes: upward (evaporation) or downward (precipitation). At present, as in the past, the main forcing of rainfall is the dynamics of air-mass circulation, which significantly controls the moisture provenance. Thus the definition of the source of humidity is very important for tracing the fingerprint of water resources in the Mediterranean Basin. Stable isotopes of water can be used to label movements and also provide information about cloud condensation temperature, atmospheric vapour source and, hence, the wind direction (IAEA 2005) .
Air masses crossing the Mediterranean Sea pick up moisture, which modifies and, thus, characterizes the meteoric isotopic signal (Gat and Carmi 1970 , Araguás-Araguás et al. 1996 , Gat et al. 2003 , Froelich et al. 2008 . If the position of the source changes (e.g. Azores anticyclone more in the south or north), the isotopic composition of water vapour will consequently change. However, while an understanding of the isotopic composition is sufficient for basic studies, it is insufficient when carrying out climate or underground resources exploitation studies, where not only high accuracy but also a better knowledge of the physics of isotopes is necessary. The isotopic signal of precipitation associated with the displacement of the Intertropical Convergence Zone (ITCZ) and the Azores anticyclone represents an excellent methodology for accurate reconstruction of presentday atmospheric circulations and climatic changes experienced in Mediterranean regions (Zuppi 2002) .
Isotopic data, obtained at the scale of rain events collected during recent decades over periMediterranean countries allow one to define the origin of air masses, and depict their movement at the continental scale (Dray et al. 1998 , Celle et al. 2004 , Longinelli et al. 2006 . The difference in isotopic signals associated with the Azores anticyclone displacement is confirmed by deuterium excess and large seasonal variation in altitude gradients (IAEA 2005) . Three main areas of water vapour sources are the: Subtropical Atlantic, North Atlantic and Afro-Mediterranean, depending on the Azores cyclone displacement.
In the eastern Mediterranean basin, the stable isotope content of precipitation depicts a more complex situation. In fact, observed spatial and temporal variations of the stable isotope content appear to be strongly related to distinct types of air mass pathways. These include: polar air masses from northeast Europe; Atlantic maritime air masses from southwest Europe; tropical air masses from the northern African continent; westward or northwestward extensions of the Asiatic monsoon, although with a minor contribution; and continental air masses from the east (Fig. 1) .
The natural decrease of temperature with increasing elevation seen in mountainous regions usually leads to enhanced condensation and to progressive depletion in the heavy isotopes of precipitation with altitude. Values of this effect usually vary in the Mediterranean Basin between -0.1‰ and -0.6‰ per 100 m (Rozanski et al. 1992 , Froelich et al. 2008 .
PAST RECHARGE
The groundwater system is a natural archive of longterm climate change, because of the influence of climate on recharge and the natural flow of groundwater from recharge to discharge areas. The present recharge of the peri-Mediterranean aquifers is very small and only occurs at shallow levels and in areas where the aquifers become unconfined. Direct recharge through the aquifer outcrop or via the overlying soil has been calculated by some authors (Edmunds & Wright 1979 , Mart & Ben Gai 1982 , Lorusso et al. 2003 , and varies between 150 and 3 mm year -1 . Generally, variations in aquifer recharge not only change the aquifer yield or discharge, but also modify the groundwater flow systems.
Using regional transmissivity and storativity data, the rate of re-equilibration to a change in recharge is likely to be less than a thousand years (Wright 1985, Wright and Burgess 1992) .
After archaeological reconstructions, the natural withdrawal of aquifers during the Quaternary era could be evaluated as varying between a few centimetres and several metres (Issar 2003) . The resolution and application of multiple environmental proxy studies, combined with a greater application of independent dating control, allows a greater number of climatic shifts to be recognized (Issar 2003) . Like all palaeoclimatic proxies, stable isotope composition of water is affected by more than one factor; therefore, its palaeoclimatic interpretation always contains some degree of ambiguity. Stable isotopes have some advantages over other palaeoclimatic proxies, because the factors affecting stable isotope ratios are relatively few and well known. Thus, the climateinduced variations in the stable isotope content of precipitation will be reflected in the isotopic composition of groundwater (Darling 2004) . In fact, a change in the stable isotope composition of groundwater marking the transition from the Late Glacial to Holocene has been identified in many aquifers containing waters of different ages. Precipitation during the glacial periods is systematically depleted in heavy isotopes, as compared to modern precipitation, and has a deuterium excess lower than 10‰ (Gat and Carmi 1970 , Edmunds and Wright 1979 , Dray et al.1998 , Gaye 2001 , Issar 2003 . The depleted isotopic contents indicate lower temperatures during recharge processes. Lower temperature induces a variation of humidity and, thus, produces an increase in the amount of precipitation. In other words, a loop system could be considered for the past, as well for the present: a variation of air saturation induced a small reduction of temperature, producing an increase in atmospheric humidity. This implies a large availability of water, leading to the most developed river network of the past (Issar 2003) .
All isotope data, together with available hydrogeological data should be integrated into one conceptual model of water flow and mass transport in the area, in order to also define how the global climate change may have an impact on the system. The great influence of deep brines is observed in all the coastal plain of the Mediterranean basin. Overall, the above-mentioned considerations allow us to assume that, in the past, the massifs around Mediterranean basin might have controlled the movement of deep saline water, due to the upward transfer induced by the pressure of shallower aquifers. Thus, the hydrodynamic balance is controlled by shallow freshwater recharged in the surrounding massifs which are characterized by fractured rocks.
DEEP GROUNDWATER RESOURCES
Climate change will pose a major water management challenge in the Mediterranean Basin, increasing water stress, mainly in coastal areas. In Mediterranean countries, fractured aquifers, or karst, are among the most interesting potential resources, easily exploited in regions where mountain chains are located near the coast. For this reason, they are the primary resources withdrawn for urban, industrial and rural uses to avoid the problem of water salinization (Custodio and Gurgui 1989 , IWMI 2000 , Pinault et al. 2004 , UNESCO-ISARM 2004 , COST 2005 .
Aquifers in lowland and coastal plains are the most important available source of renewable freshwater. Therefore, mainly in arid and semiarid regions, abstraction rates greatly exceed natural replenishment rates, leading to over-exploitation (Hashash and Aranyossy 1995 , Vandenschrick et al. 2002 , Bakalowicz et al. 2003 , Bakalowicz 2006 , Bouchaou et al. 2008 , Kouzana et al. 2009 ). As a result, the dynamic balance between shallow freshwater and saline water has been disturbed, causing additional saline water encroachment. Salinization processes are usually due to seawater intrusion and deep saline water upwelling, i.e. the flow of dense saline water inland during heavy withdrawals of freshwater from coastal aquifers, or the mobilization of saline formation waters by over-exploitation of inland aquifer systems (Grassi et al. 2007 , Giménez-Forcada et al. 2009 ). The alluvial coastal aquifers are drained by a large number of wells drilled for civil, industrial, domestic and irrigation purposes. Groundwater pumping, exceeding the recharge, causes severe seawater intrusion or brine uprising. The origin of salinity in this case is in the geological past. Groundwater is a diluting agent; therefore, an inverse relationship between the discharge rate and salinity is generally observed. A similar relationship can be seen where the salinity is transported by geological formations through the dissolution of evaporites or through other water-rock interactions: increased flushing then results in lower water salinity (Gat and Naor Tahal 1979) . More complicated relationships occur when the salinity is incorporated in a saltwater-freshwater boundary zone (Mazor and Molcho 1972) , possibly as a result of brine pockets left behind by a receding sea (Warren 2006) .
The extent and importance of salinization as a global threat have been greatly underestimated (Williams 1999) . Therefore, it is fundamental to recognize its relevance, and to draw attention to its importance at global and local levels, in order to perform effective management of freshwaters in coastal plains in the Mediterranean basin.
Palaeogeography of coastal plains and their hydrogeological characteristics
Understanding the present coastal plains means understanding their past morphological conditions and evaluating their recent geological evolution. The Messinian sea level, which was up to 1500 m lower than present level, induced the formation of deep canyons, and, at the same time, allowed the development of deeply fractured media (Loget et al. 2005) . The new sub-aerial morphology extended the preexisting drainage network by regressive erosion all around the Mediterranean region (Fig. 2) . In the Nile, Rhone, Danube, Dniepr valleys, fluvial incision has propagated at least 300 km towards inland areas, with the depth of incision reaching more than 1000 m. Fluvial incision is limited for smaller rivers (Barber 1981 , Clauzon 1982 , Clauzon et al. 1987 , Krijgsman et al. 1999 , Schoorl and Veldkamp, 2003 , Marsaglia et al. 2004 .
Messinian incisions were later preserved as a consequence of the rapid sea-level rise and the resulting detrital sedimentation during the Early Pliocene (Chumakov 1973 , Krijgsman et al. 1999 . Successively, these overfilled Messinian valleys were re-incised during glacial times when the sea level decreased by 140 m, and nowadays by the current drainage networks.
During the Late Messinian and the Early Pliocene, the combination of late tectonic events and relative sea-level changes caused phases of immersion/erosion (canyons, slump scars) and transgression/regression of fluvio-deltaic systems, with deposition of high-energy conglomerations and sands (Clauzon et al. 1987 , Mattavelli and Novelli 1988 , Loget et al. 2005 .
The Messinian erosion surface is overlain by a marine succession and is essentially comprised of clay and blue silts (Marine Pliocene or Piacenzian clays) with lateral and vertical facies variations (Marine Pliocene sand). Hydraulic conductivity of the siltyclay sequence is about 10 -8 to 10 -10 m s -1 and, therefore, can be considered as an aquitard.
In the Pliocene, the regression-transgression cycles were ended by a long and extended transgression of the sea. The Mediterranean Basin was flooded following the opening of the Strait of Gibraltar (Clauzon et al. 1987 , Loget et al. 2005 .
The Pliocene-Quaternary deposits result from the interaction among sea-level changes, tectonics and physiographic configuration. During the Early Pliocene, a generalized synsedimentary transgression with extensive tectonic activity resulted in a homogeneous sedimentation, locally deformed by extensional tectonic activity (Estrada et al. 1997) . The sediment distribution was controlled by the pre-existing palaeotopography (large rivers: Ebro, Rhone, Nile). During the Late Pliocene, a generalized synsedimentary regression took place.
The levels of the continental deposits (Continental Pliocene or Astian sands) consist of a sand layer with some lignite, clay and inter-bedded lacustrine limestone. The thickness is estimated to range between 100 and 300 m (Clauzon et al. 1987) .
The Continental Pliocene aquifer is characterized by a hydraulic conductivity of about 10 -3 to 10 -4 m s -1 , about five orders of magnitude higher than that of the basal clays. Transmissivity values are between 10 -2 and 10 -3 m 2 s -1 (IGME 2003 , Morell 2003 and the porosity ranges between 0.1 and 1 × 10 -5 with a storage coefficient value of about 10 -2 and a transmissivity of 10 -2 to 10 -5 m 2 s -1 . (Chabart 1996 , IGME 2003 , Morell 2003 , Pilla et al. 2005 . Therefore, in the central sectors of the coastal plains, the Pliocene aquifer is always confined or semi-confined and the values of these coefficients are clearly lower.
The Pliocene-Quaternary sequences are dominantly detrital, as suggested by the interpretation of data derived from several multichannel seismic profiles (Bellaiche and Mart 1995) . During the Quaternary, the high-frequency sea-level fluctuations are connected to the glacial-interglacial oscillations of the Pleistocene. These climatic fluctuations were greater in magnitude than those occurring in the Tertiary. The oscillatory temperatures were accompanied by regression-transgression cycles in the Mediterranean Sea. For about 80% of the past two million years, glacial conditions prevailed (Willis and Whittaker 2000) , followed by fluvial environments during the interglacial periods.
The Quaternary alluvial deposits are subdivided into two categories: (i) old and recent banks or terraces with gravel and variably eroded pebbles, and (ii) Holocene layers corresponding to the maximum transgression of the Flandrian sea-level rise (Svitoch et al. 2000 , Issar 2003 . The Quaternary alluvial aquifer lies along the main rivers and the Mediterranean coastline. Its thickness is varied. The porosity of the Quaternary alluvial aquifers is between 0.1 and 1 × 10 -5 . The transmissivity values differ according to the sectors, varying from 10 -2 to 10 -5 m 2 s -1 (IGME 2003 , Morell 2003 , Pilla et al. 2005 .
Plio-Quaternary sediments cover the fractured aquifers of pre-Messinian basement. They enclose confined aquifers, whose outlets at the surface are, in general, artesian water points. Similar conditions increase groundwater residence time to as much as several thousand years, whereas it is commonly less than 5 years in fractured aquifers. These conditions control, in the saturated zone, dynamic storage and favour the discharge of fresh groundwater at depth both by conduit and diffuse processes (Hobbs and Smart 1986) . Those processes originate both a movement toward more recent aquifers and Submarine Groundwater Discharge (SGD) under a seawater column generally not below -50 m.
Under sedimentary cover, the transfer toward upper layers is essentially a pressure transfer controlled by the potentiometric surface of shallow aquifers, whereas on the sea floor freshwater transfer also includes a mass transfer. In the first case, salts are removed, as salty water from brines is trapped in the depth (Conti et al. 2000) , and is hydraulically stagnant (Mazor and Nativ 1992, Mazor 1995) ; in the second case, the high rate of coastal aquifer exploitation leads to saline water encroachment. The seawater intrusion rate therefore depends on how much groundwater flow is available to be discharged into the sea (Custodio and Bruggeman 1982 , Tulipano. 2004 , COST 2005 , Sanz Escudé 2007 , Custodio 2010 .
Dual circulation
The problem of flow through a fractured environment toward porous media is primarily a problem of flow through a unique dual-porosity system (Sanz Escudé 2007) (Fig. 3) . This includes the fracture network and hydrogeological basement seen in mountain areas, and the porous matrix in the piedmont plain. These two components are hydraulically interconnected and cannot be treated separately. The degree of interconnection between the two flow systems defines, at a regional scale, the characteristics of the entire flow domain, and is a function of the hydraulic properties of each of them. These properties include fracture-network distribution, orientation, apertures, connectivity, sediment porosity and hydraulic conductivities of the entire system. The regional hydraulic continuity controls an upward transfer of either mass or pressure in the porous media. In the case of mass transfer, deep-water mixes, at a different rate, with shallow water (Pilla et al. 2005) . Upward pressure transfer acts as a piston, forming the real basement of the plain's aquifers. The higher-pressure heads of the deep aquifer maintain, at a rather constant level, the water table, even in the case of a significant withdrawal rate (Bakalowicz et al. 2003 , Custodio 2010 . Thus, the mixed water flowing upward divides in two pathways: a fast turbulent flow through well-developed fractured systems, and a slow flow through porous areas (Sanz Escudé 2007).
In the piedmont areas, it is commonly assumed that groundwater in porous media aquifers makes up the majority of streamflow during periods of baseflow (Freeze and Cherry 1979) . Conversely, during high flow, the stream recharges the aquifer. However, this concept is defined only for streams underlain by porous media, not by fractured rock. When fractured rock constitutes, at a regional scale, the principal aquifer, the nature of the exchange in the piedmont zone, between porous and fractured aquifers, and between surface water and subterranean waters, can become very complex. To assist in quantifying the interaction between groundwater flow systems and the stream environment, field investigations were often conducted (Mazor and Nativ 1992 , El Yaouti et al. 2008 , Mencio and Mas Pla 2008 . Frequently in the Mediterranean Basin piedmont areas, as freshwater penetrates to depth through the fractured medium, brines can be mobilized and rise towards the surface as diffuse seepage zones in the porous media, or as a continuous seepage face.
Submarine groundwater discharge (SGD)
When the sea level falls, continental groundwater and surface runoff tend to adapt to the new base level, and water fluxes are deeply modified (Faure et al. 2002, Faure and Faure 2004 ). The fall in sea level is accompanied by a retreat of the shoreline and, consequently, by a change in the location of existing springs; in addition, it leads to the location of new springs along the shoreline (Fig. 4) .
Similarly to the hydraulic exchanges controlled by water head or by direct mass transfer between fractured systems and porous media, fluxes below sea level and submarine springs must be considered. Due to the sea-level variation during the Quaternary and the Tertiary, part of these aquifers may presently discharge directly into the sea at depth. Submarine Thibodeaux and Boyle, copyright 1987. springs are known off shore mainly in karst areas (Kohout 1966 , Bakalowicz 2005 , Surić et al. 2005 . They are temporary or permanent, and their discharge rates and electrical conductivities vary as a function of time (Pinault et al. 2004 , Bakalowicz 2006 . Flow may range from a few litres per second to several cubic metres per second, according to the literature (Bakalowicz et al. 2003 , Bakalowicz 2005 , Pinault et al. 2004 , COST 2005 , Mijatović, 2006 , Fleury et al. 2007 , Bokuniewicz et al. 2008 , and electrical conductivity from a few hundred to about 1000 µS cm -1 . All the unknowns in the continental water balance are commonly assigned to submarine springs, which are often difficult to monitor (Bakalowicz et al. 2003 , Pinault et al. 2004 , COST 2005 , Mijatović 2006 , Bokuniewicz et al. 2007 .
Groundwater recharge
Fluxes indicate a general centripetal movement from the high plateaus to the plains; this is due to several factors, such as: the elevation of the water table in unconfined aquifers, the potentiometric surface of confined aquifers, hydraulic conductivity, porosity, and the dimensions of the aquifers.
Corresponding to lateral flanks, the recharge areas of the main confined aquifers can be found in the mountains. In such cases, the potentiometric lines in the close mountain areas could reach elevations of more than 1000 m a.s.l. Thus, the transfer toward the upper layers of the plains is essentially a pressure transfer controlled by more than 2000 m water head. In other words the surrounding mountain areas must be considered as the "water towers" of the adjacent plains.
The main recharge of plain aquifers takes place preferentially on higher elevations along contact areas between porous media and outcropping fractured media. Recharge can also take place in plain areas at different rates depending upon the hydraulic properties of the unsaturated zone, plant-water use, surface runoff characteristics and rainfall amount. The increase in lateral recharge rates induces a water balance shift in the dual system. The regional hydrogeological system compensates for the additional input of groundwater by increasing the lateral hydraulic gradient towards the area of groundwater discharge. Simultaneously, the transmissivities of the unconfined aquifers increase, thereby extending areas of groundwater discharge. The vertical hydraulic gradients in discharge areas increase with depth and instigate an increase in the amount of groundwater flowing upward from deep confined aquifers. Consequently, a rise in the seepage velocities and discharge rates is provoked.
The aquifers are also directly recharged throughout the plain (i.e. from rivers and rainfall); however, recharge is significantly augmented at higher elevations in the surrounding highlands. This produces a classic groundwater flow system composed of local (shallow), and intermediate and regional (deep) flow systems; however, the boundaries between these systems are not distinct due to natural mixing of young (local recharge) and older (regional recharge) groundwater. Vertical gradient reversal, within each of the piezometer nests, is also consistent with mixing. Isotopes ( 18 O and 2 H) in precipitation and groundwater indicate that groundwater at any given depth below the water table comprises a mix of water recharged locally and regionally (higher elevations).
In general, the greater the depth of the aquifer, the higher the source elevation, and the longer the length (distance and time) of the flow path towards the sea. The principal porous water-bearing units in the periMediterranean basin are the Holocene and Continental Pliocene aquifer systems. These two aquifer systems are separated by intermediate confining units, which are composed of clays, silts and sands.
Groundwater salinity
The sea-level rise not only changes the coastline, but also influences the hydrological functions of coastal systems, such as groundwater flow, runoff and water quality (Gornitz et al. 1982 , Day 1992 , Sahagian 2000 , Ayache et al. 2009 ). Its impact is similar to that of reduced flows in surface networks and in aquifers. The sea-level rise increases the saltwater pressure, whereas the exploitation of continental waters reduces the freshwater hydraulic head. This would threaten the viability of freshwater aquifers and other sources of fresh groundwater. In other words, the final result of the combined action of sea-level rise and large aquifer exploitation is the salinization of land and water. The processes responsible for the contamination of land and water by salt are complex and intimately related to the transport of dissolved mass in groundwater flow systems. The redistribution of soluble salts accumulated in a catchment is evident mainly in areas of low vertical elevation, such as terminal salt lakes, dry salinas, and areas of saline seeps (Flowers & Hunt 2007) .
Whereas the alluvial aquifers are particularly sensitive to the present salt-water intrusion, contamination from the deep aquifers is generally the result of vertical hydraulic connection, due to neotectonic activity or lateral sedimentological variation. Although aquifer salinization may be natural, it is often due to human over-exploitation.
The salinity distribution of groundwater in the aquifers of coastal areas around the Mediterranean Sea has a complicated pattern, especially in the upper 50 m of the subsurface. The complexity of the observed pattern is mainly the result of superimposed variations of sea level: present, Quaternary, Messinian. At depths varying between subsurface and 1000 m, groundwater with the salinity of seawater or higher is found. The origin of brackish saline and hypersaline groundwater is linked to the occurrence of salinity inversions near the boundary between Early-Pliocene marine and fluvial strata, and Messinian seawater (Conti et al. 2000 , Di Sipio et al. 2006 , Kafri et al. 2007 .
Water in all deep-drilled wells in the central sectors of peri-Mediterranean coastal plains consistently shows increasing salinity with depth, indicating the ubiquitous presence of a deep saline brine (Issar 1968 , Wright 1985 , Wright and Burgess, 1992 , Crampon et al. 1996 , Barazzuoli et al. 1996 , Taniguchi et al. 2003 , Edmunds et al. 2003 , Saad et al. 2004 , Weinthal et al. 2005 , Shagar et al. 2006 , Grassi et al. 2007 , Trabelsi et al. 2009 , Edmunds 2009 , MacDonald et al. 2009 , Ben Moussa et al. 2010 . Depth profiles of sulphur, nitrogen and carbon dissolved compounds, as well as changes in earth-alkaline concentration, can be used to characterize processes typically determined by the bacterial processes of decomposition of organic matter. Indeed, biomass accumulated with and inside terrigenous sediments that have evolved to a different degree of maturity (i.e. gas, coal, lignite, peat) control the redox behaviours of aqueous phases in aquifers and aquicludes. Waters from the greatest depths show high pH values (equal to or higher than 8.0), as well as the absence of nitrates and sulphates, likely corresponding to a complete consumption of dissolved CO 2 and O 2 . The concentrations of conservative elements, such as halides, give valuable information about fluid sources and the biogeochemical processes controlling their movement. The study of changes in the chemical composition of deep waters provides a powerful tool for characterizing processes of organic matter degradation, and processes of fluid diffusion and advection in Plio-Pleistocene sediments.
Two main geological models present in the scientific literature could explain the origin of the brines: (a) autochthonous for upward diffusion of brines produced by earlier sub-aerial evaporation of seawater, or (b) allocthonous for dissolution of outcropping Messinian evaporites and consequent transport from other locations of solutes derived from evaporite dissolution.
Brines of Messinian age could have seeped into the underlying sediments and have been trapped under the rapidly accumulating Pliocene-Pleistocene sediments at the end of the Messinian salinity crisis (Hsü et al. 1973, Hardie and Lowenstein 2004) . Furthermore, the possible influence of hydrothermal activity on the pore-fluid compositions cannot completely be ruled out (Bernasconi 1999) , as volcanic activity is well known in the Mediterranean Basin.
Nevertheless, geochemistry indicates that these waters were essentially of marine origin, and have concentrated to the stage of gypsum precipitation. The mobility of the brines is restricted because of their high density. Natural outflows of brackish waters are observed, especially in relation with tectonic features, such as buried and outcropping thrust faults. Saline waters are brought to the surface either by infiltrating meteoric waters, that can partially leach the upper part of the brines, or by the compressive forces acting along the orographic margins, squeezing the brines out from the sediments.
This broad reconstruction does not take into account local disturbances associated with the intense exploitation of deep groundwater for domestic or industrial purposes, and, sometimes, for methane or oil extraction. Human-induced perturbations are a serious concern in the region, as these have often lowered the pore-water pressure at depth. They are frequently considered to be responsible for the increase in subsidence of the plains and pollution of coastal aquifers by present saline intrusion.
Considering all the presented components, the hydrogeological conceptual model could be as follows: oldest waters (late Messinian) are found in the confined aquifers, where the presence of buried structures hinders natural discharge. In other words, the water is practically stagnant (Mazor 1995) and can be mobilized only under strong variation of hydrostatic pressure.
Also Pliocene and Pleistocene confined aquifers show essentially passive hydrodynamic conditions. The pressure heads, which are controlled by preMessinian fractured media, maintain a higher piezometric level than the shallower aquifer (Fig. 5) . This inhibits the possibility of recent water penetrating far below the surface, but allows the upward pressure transfer of deep groundwater. Porous and fractured media have been essentially recharged by freshwater, which infiltrated at the end of the cold climatic periods when discharge from the northern rivers increased simultaneously with the melting phase of glaciers in the mountains (Alpine systems and Pyrenean). At the same time rivers from the Middle East and Africa discharged larger quantities of water due to the more humid conditions on these continents.
Anthropically induced perturbations in deep porous aquifers partially or totally depressurize them, creating convective cells that favour the slow displacement of saline and low-quality (e.g. rich in F, As, Mn, V, Se) groundwater bodies toward the more superficial layers (Custodio 2002 , EUWI 2006 . Some of these waters are very old (between early Quaternary and late Messinian ages), and confined in deep-seated aquifers and aquitards. The groundwater head potential around wells changes as a function of the high exploitation rate, thus modifying the way in which waters of different depths or origins mix (Custodio 2002) . This means that water quality may be progressively changing. In other words, the oldest waters act as a "point source of pollution" through the lithological and granulometric discontinuities of aquicludes and aquitards.
There are several possible mechanisms, some more plausible than others, that can explain the processes and pathways of saltwater movement within the coastal plains aquifer systems (Spechler 2001) . They are: (a) the movement of unflushed pockets of relict seawater within the aquifer system; (b) landward movement of the freshwater-saltwater interface; (c) regional penetration of saltwater below pumped wells; and (d) the upward leakage of saltwater from deeper, saline water-bearing zones of the aquifer system through semi-confining units or joints, fractures, collapse features, and other structural anomalies (Masterson and Garabedian 2007, Mulligan et al. 2007) . During the Pleistocene, the sea level stood at a much higher level than it does today and the periMediterranean coastal aquifers were invaded with seawater. In some of the southern coastal plains (i.e. Tunisia, Libya and Egypt), this water may not have been completely flushed from the aquifer. Generally, pockets of unflushed relict seawater are found in strata of relatively low permeability. Therefore, geochemical logs of many wells indicate that the more permeable zones are the source of saline water to the well, implying that unflushed relict seawater is a minor source of saline water in the Mediterranean Basin (Vengosh et al. 1994 , Conti et al. 2000 , Di Sipio et al. 2006 , Kafri et al. 2007 ).
This has resulted from natural leakage through the middle semi-confining unit and from cone of depression associated with pumping wells installed near the lower boundary of the Holocene aquifer. As intensive agriculture and industrial activities take place, the area near the coast is, also, significantly developed for the potential exploitation of its groundwater resources.
CONCLUSION
Stable isotope composition of precipitation is a fundamental parameter in monitoring changes in circulation patterns, and it can help in assessing the magnitude of interaction with vapour generated over the Atlantic Ocean or over the Mediterranean Sea. For instance, continental air masses with low humidity are (more) affected when crossing the Mediterranean by the incorporation of water vapour that originated over the sea.
As known from the literature, the use of deuterium excess, in addition to absolute values of oxygen-18 and deuterium in rain water, is useful for tracing of seasonal air mass origin and vapour transport. In fact, the contrast between winter and summer data is very significant; therefore, in the Mediterranean region, high deuterium excess should not be systematically associated with a Mediterranean Sea effect. Major changes in deuterium excess in precipitation samples occur from one day to another. These abrupt changes are attributed in some cases to the large emission of water vapour to the atmosphere, a consequence of anthropogenic activities, and to the rapid variation in the position of the inversion layer.
Groundwater exploitation in the region has increased dramatically during recent decades, mainly due to an increase in industrial activities, in irrigated agriculture, associated with urban and tourism development. Thus, many groundwater resources are at risk of being exhausted through overpumping. With withdrawal exceeding the internally renewable water resources, the resulting groundwater scarcity is, in many cases, accompanied by poor groundwater quality, especially in coastal aquifers, where water is often highly saline, reducing its utility. Aquicludes are not uniform, nor are they impervious rock units, but rather an alternation of permeable and impermeable strata dislocated by numerous fault systems, which facilitate the accessibility of brines into the more superficial aquifers. The mobilization of the saline fluids and their injection toward the surface could be due either to diffusion of saline fluids occurring in the permeable horizons through the clays, or to their upconing following intensive pumping in the coastal plain aquifers. It could have also been caused by up-dip movement of saline water as the result of direct pressure transfer generated by the freshwater head in fractured horizons of neighbouring highlands. Another possible mechanism could be hydraulic contact with pressurized brines flowing vertically along fault zones from deep reservoirs because of neotectonic activity. The squeezing of saline interstitial water from the clays by Quaternary seismic activity is of secondary importance in groundwater salinization. Our ideas benefited from discussions with many colleagues, among whom we particularly wish to thank Drs Ch. Leduc of IRD, France, Cl. Jusserand, Dr E. Sacchi and Prof. M. Cerasuolo: their critical reviews significantly improved the quality of the manuscript. We also thank Dr T. Lovato for his support with figures. To conclude, the authors would like to apologize to friends and colleagues for any omission of relevant papers in such a wide-ranging review.
